Potassium-ion batteries are regarded as the low-cost alternative to lithium-ion batteries. However, their development is hampered by the lack of suitable electrode materials. In this work, we demonstrate that MoS 2 with expanded interlayers represents a promising candidate for the electrochemical storage of potassium ions. Hierarchical interlayer-expanded MoS 2 assemblies supported on carbon nanotubes are prepared via a straightforward solution method. The increased interlayer spacing not only enables the better accommodation of foreign ions, but also lowers the diffusion energy barrier and improves diffusion kinetics of ions. When investigated as the anode material of potassium ion batteries, our interlayer-expanded MoS 2 assemblies exhibit an excellent electrochemical performance with large capacity (up to ~ 520 mAh·g −1 ), good rate capability (~ 310 mAh·g −1 at 1,000 mA·g −1 ) and impressive cycling stability, superior to most competitors.
Introduction
Lithium-ion batteries (LIBs) have been popularly used in a variety of portable electronic devices owing to their large energy density and great cycle life [1] . Unfortunately, their high costs due to the limited reserves and geographically uneven distribution of lithium resources is one of the main hindrances to their future applications in electric vehicles and stationary energy storage [2] . Among several post-lithium-ion technologies, sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) attract growing interests [2] [3] [4] . This is because of not only the abundance of sodium and potassium in the Earth's crust and hence potentially much lower costs of SIBs and PIBs, but also the similar electrochemistry of these alkali metals so the accumulated knowledge and design principles of LIBs can be effectively transferred to SIBs and PIBs. However, Na + and K + ions as the charge carriers are much larger in size than Li + ions. Such a size difference leads to considerably smaller storage capacities for Na + and K + ions compared to those for Li + ions [5] [6] [7] . The intercalation or incorporation of Na + and K + ions in electrode materials also builds up more strains and results in poorer cycling stability. The search for suitable electrode materials thereby holds the key to SIBs and PIBs in order to rival existing lithium-ion technology.
There are two major categories of electrode materials explored as the anode materials of PIBs at present. The first one consists of carbonaceous materials such as pristine or doped graphite, soft carbon and hard carbon [8] [9] [10] [11] . They typically have limited storage capacities in the range of 200-300 mAh·g −1 . The other one includes p-block metals such as Sn, Bi and Sb that can operate via an alloying mechanism [12, 13] . Despite the larger storage capacities, they are often subjected to significant volume change upon alloying and de-alloying and hence problematic cycle life. Over recent years, transition metal dichalcogenides (TMDs) have emerged as promising candidates for the electrochemical storage of alkali metal ions [14] [15] [16] . They possess graphite-like layered structures that are held together by weak van der Waals interactions. The interlayer galleries are capable to accommodate considerable amounts of foreign molecules or ions. For example, our study revealed that VS2 nanosheets could enable the rapid and durable storage of Li + , Na + , or K + ions [17] . When used as the PIB anode material, they sustained a reversible specific capacity of 360 mAh·g −1 after 100 cycles at 500 mA·g −1 . As another well-known example of the TMD family, MoS2 has demonstrated applications in LIBs and SIBs with large capacity and great cycling stability, whereas its performance for K + ion storage is not as impressive. Wu and coworkers reported that commercial MoS2 powder only exhibited a small reversible capacity of ~ 65 mAh·g −1 at 20 mA·g −1 with a lower cutoff voltage of 0.5 V versus K + /K corresponding to the formation of K0.4MoS2 [18] . In order to promote its activity, Wang and coworkers prepared mesoporous MoS2 monolayer/carbon composite. It was reported to have an initial capacity of 294 mAh·g −1 between 2.5 and 0.01 V versus K + /K at 500 mA·g −1 , which gradually decayed to 180 mAh·g −1 after 240 cycles [19] . The same group later developed bamboolike MoS2/N-doped-C hollow tubes as the PIB anode material, and achieved a specific capacity of 450 mAh·g −1 at 50 mA·g −1 and 150 mAh·g −1 at 500 mA·g −1 [20] . In spite of these notable progresses, the full potential of MoS2 in PIBs remains elusive.
Herein, we demonstrate that one possible approach to promote the electrochemical performance of MoS2 is to expand its interlayer distance for facile K + ion diffusion and larger storage capacity. Interlayer-expanded MoS2 can be achieved by carefully controlling the synthetic condition and kinetically "freezing" the nanostructure at the early stage of growth before it crystallizes into a thermodynamically stable three-dimensional crystal. It has been previously investigated for applications in catalysis and energy storage [21] [22] [23] [24] . In our work, we develop a straightforward solution method to prepare hierarchical interlayer-expanded MoS2 assemblies supported on carbon nanotubes. The resulting material exhibits an excellent electrochemical performance for the reversible electrochemical storage of K + ions.
Experimental section

Preparation of exp-MoS2
Interlayer-expanded MoS2 assemblies (exp-MoS2) was prepared by a solvothermal method. In a typical synthesis, 8 mg of carbon nanotubes (#TNSC, purchased from Chengdu Organic Chemicals Co. Ltd.) was dispersed in 10 mL of N-methyl-2-pyrrolidone (NMP) under the assistance of sonication for 2 h. To it were added 0.25 mmol of (NH4)6Mo7O24·4H2O and 2 mmol of thiourea under the assistance of gentle heating (at ~ 60 °C) and magnetic stirring. The reaction solution was then transferred to a 25 mL Teflon-lined stainless steel autoclave, and heated at 200 °C for 48 h. After naturally cooled down to room temperature, the solid precipitate in the autoclave was collected by centrifugation at 9,000 rpm, washed with ethanol and water for several times, and lyophilized. The black powder was finally annealed under Ar at 200 °C for 2 h. The preparation of few-layered nanosheets (ns-MoS2) via liquid phase exfoliation (LPE) followed our previous publication.
Structural characterizations
Powder X-ray diffraction (XRD) was performed on a PANalytical X-ray diffractometer using Cu Kα radiation (40 kV, 40 mA) at a scan rate of 0.05°·s −1 . Scanning electron microscopy (SEM) images were taken on a Zeiss G500 scanning electron microscope. Transmission electron microscopy (TEM) images were collected on FEI Tecnai F20 transmission electron microscope operating at an acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) spectra were obtained from a Thermo ESCALAB 250 XI XPS spectrometer. Thermal gravimetric analysis (TGA) was carried out on a Mettler Toledo TGA1 STARe System in air from 25 to 900 °C at a heating rate of 10 °C min −1 .
Electrochemical measurements
To prepare working electrodes, exp-MoS2 or ns-MoS2 powders were blended with SuperP carbon black and poly(acrylic acid) in 7:2:1 weight ratio, and uniformly dispersed in water. The slurry was then cast onto a copper foil and vacuum-dried at 60 °C for 12 h. The typical areal loading of electrode materials was controlled to be ~ 1 mg·cm −2 . R2032-type coil cells were assembled by pairing the cathode, a glass fiber separator and a piece of K foil as the anode in an Ar-filled glove box. The electrolyte was 1.0 M potassium bis(fluorosulfonyl)imide (KFSI) dissolved in ethylene carbonate (EC)/diethylene carbonate (DEC). Galvanostatic charge and discharge measurements were carried out between 0.01 and 3.0 V at different current rates under the ambient condition. Cyclic voltammetry (CV) curves were collected at a scan rate of 0.1 mV·s −1 as controlled by CHI 660E potentiostat.
Results and discussion
The formation process of interlayer-expanded MoS2 assemblies (exp-MoS2) is schematically shown in Fig. 1(a) . They were prepared using a facile solvothermal reaction between (NH4)6Mo7O24·4H2O and thiourea as the Mo and S precursors respectively in NMP with the presence of a small amount of dispersed carbon nanotubes. The addition of carbon nanotubes is to provide the necessary nucleation site for MoS2 assemblies and to enhance the electric conductivity of the final product. As-prepared exp-MoS2 was further annealed at a mild temperature of 200 o C under Ar in order to remove adsorbed moisture and possible organic residues. For control experiments, we also exfoliated commercial MoS2 powders to few-layered nanosheets (denoted as ns-MoS2) via the well-established LPE method in NMP [25] , and hybridized these nanosheets with carbon nanotubes at a similar weight ratio as schematically illustrated in Fig. 1(b) . Exfoliation-derived MoS2 nanosheets have normal interlayer distance. Both exp-MoS2 and ns-MoS2 were then subjected to careful structural characterizations and electrochemical measurements as shown in what follows. Figure 2 (a) depicts the XRD patterns of both samples alongside with the standard diffraction pattern of 2H-MoS2 (PDF#00-009-0312). All the diffraction peaks of ns-MoS2 are assignable to standard 2H-MoS2. As for exp-MoS2, instead of the normal (002) diffraction at ~ 14.3°, two new peaks emerge at ~ 9.0° and ~ 17.0° corresponding to its (002) and (004) diffractions, respectively. The average interlayer distance is then estimated to be 9.8 Å according to the Bragg equation, which represents ~ 60% expansion from standard 2H-MoS2 (6.2 Å). The formation of interlayer-expanded MoS2 is not new and has been previously observed in Ref. [21] . It is believed that during the material preparation, the fast reaction rate may cause foreign species to be trapped in the interlayer galleries of MoS2, and force the interlayer expansion before the nanostructure can relax to its thermodynamically stable form. In our experiment here, the interlayer expansion may be induced by the incorporation of oxygen as inherited from the Mo precursor or the intercalation of NH4 + ions released from the decomposition of thiourea [22, 26] .
We used electron microscopy to further interrogate the product microstructures. Under SEM, ns-MoS2 consists of submicron-sized nanosheets bridged with carbon nanotubes in line with our previous reports (Fig. S1 in the Electronic Supplementary Material (ESM)) [25] . Interestingly, exp-MoS2 is observed to have a fiber-like morphology (Fig. 2(b) ). Each fiber is ~ 200 nm wide and several microns long, and is formed from the uniform assembly of MoS2 nanosheets on carbon nanotubes (Fig. 2(c) ). The formation of such a unique fiber-like morphology is because carbon nanotubes as the support induce the nucleation and growth of MoS2 nanosheets. Only free MoS2 nanosheets are obtained in the absence of carbon nanotubes (Fig. S2 in the ESM). Energy dispersive X-ray spectroscopy (EDS) elemental mapping of Mo, S and C evidences the uniform distribution of these elements in exp-MoS2 ( Fig. S3 in the ESM). Moreover, the hierarchical structure becomes more evident under TEM (Figs. 2(d) and 2(f)). From the standing edges ((001) lattice fringes) of these nanosheets, their thickness is estimated to be 5-10 atomic layers. Close examination reveals that these edges are not perfectly parallel to each other (Fig. 2(f) ). The interlayer distance is measured to slightly vary from one location to the other, but is generally in the range of 9-10 Å, which agrees with the XRD result. The weight percentage of carbon nanotubes in exp-MoS2 is estimated to be ~ 12% from its thermal gravimetric analysis (TGA) in air ( Fig. S4 in the ESM).
To gain insights into the chemical environments and bonding configurations of the products, XPS was carried out. The survey spectrum is shown in Fig. S5 in the ESM. Mo 3d XPS spectrum of ns-MoS2 exhibits two signals centered at 229.8 and 232.9 eV, characteristic of the Mo 3d5/2 and Mo 3d3/2 peaks of MoS2, respectively ( Fig. 3(a) ) [27] . The relatively weak hump at 226.9 eV corresponds to the S 2s contribution. S 2p XPS spectrum of ns-MoS2 features a well-defined S 2p3/2 (162.6 eV) and S 2p1/2 (163.7 eV) doublet ( Fig. 3(b) ). By contrast, all peaks in the Mo 3d and S 2p XPS spectra of exp-MoS2 noticeably shift toward lower binding energy (Figs. 3(c) and 3(d) ). Similar results were observed in pervious works about interlayerexpanded MoS2. It was suggested that the difference might be caused by the intercalation of foreign species into interlayer galleries [28] [29] [30] .
Next, the electrochemical activities of exp-MoS2 and ns-MoS2 for K + ion storage were assessed and compared. Standard R2032 coil cells were assembled by pairing the MoS2 working electrode and a K metal foil. The loading of active material was controlled to be ~ 1 mg·cm −2 . The electrolyte in use was 1.0 M KFSI dissolved in EC/DEC. KFSI was used here because it was suggested to passivate the metallic K anode and enable its reversible plating and stripping [31] . CV was first carried out as shown in Fig. 4(a) and Fig. S6 in the ESM. The potassiation mechanism of MoS2 was previously suggested to follow a first intercalation and then conversion process [32] [33] [34] . Here, during the first negative scan of exp-MoS2 from the open circle potential down to 0.01 V (versus K + /K, the same hereinafter), three broad cathodic peaks become discernible at ~ 2.3, ~ 1.4 and ~ 0.6 V, which likely correspond to the sequential K + ion intercalation, conversion reaction and solid electrolyte interphase (SEI) formation at the working electrode surface [20, 35] . In the subsequent positive scan, an anodic peak centered at ~ 2.1 V emerges over the broad background. CV curves of the ensuing cycles are modified from the first cycle and become almost featureless. They retrace each other, indicating that the electrochemical reaction is fully reversible after the initial scan. Consistent results were also garnered from the galvanostatic experiments as shown in Fig. 4(b) . The charge and discharge voltage profiles of exp-MoS2 between 0.01 and 3 V at 200 mA·g −1 are free from plateaus and only exhibit upward or downward sloping curves, which are in good agreement with previous reports [20, 35] . Its initial specific capacity reaches ~ 830 mAh·g −1 (normalized to the mass of composite), of which ~ 450 mAh·g −1 is recovered upon recharge. The capacity loss is typically associated with the irreversible structure change of electrode material and/or SEI formation during the first cycle. Specific capacities at subsequent charge and discharge are stabilized around 450 mAh·g −1 . Control experiments show that interlayerexpanded MoS2 nanosheets alone have similar initial capacity but are subjected to fast activity decay (Fig. S7 in the ESM). Carbon nanotubes alone only exhibit specific capacity of 200 mA·g −1 . Considering the low weight percentage of carbon nanotubes in exp-MoS2, the capacity contribution of carbon Furthermore, the cycling performance of exp-MoS2 was rigorously evaluated at different current rates ( Fig. 4(c) ). It exhibits a high initial discharge capacity of ~ 520 mAh·g −1 under 200 mA·g −1 , and retains ~ 510 mAh·g −1 after 100 cycles. Corresponding Coulombic efficiency is measured to be > 96% after the first cycle. Upon raising the current rate to 500 mA·g −1 , exp-MoS2 still delivers a reversible capacity of ~ 360 mAh·g −1 with good cycling stability. Even under a high current rate of 1,000 mA·g −1 , it demonstrates a large reversible capacity of ~ 310 mAh·g −1 and retains 84% of the initial value at the end of 100 cycles. Above results corroborate that our interlayerexpanded MoS2 assemblies can enable fast and stable electrochemical storage of K + ions at large capacity. By contrast, ns-MoS2 with the normal interlayer distance only sustains ~ 200 mAh·g −1 at 500 mA·g −1 , which is only about half that of exp-MoS2 under identical conditions. Note that previous studies about MoS2-based materials reported storage capacities of K + ions similar to that of ns-MoS2. For example, the bamboo-like MoS2/N-doped hollow tubes developed by Wang and coworkers demonstrated a specific capacity of ~ 206 mAh·g −1 at 500 mA·g −1 [20] ; the mesoporous MoS2-monolayer/carbon composite delivered an initial capacity of 294 mAh·g −1 under 500 mA·g −1 , which, unfortunately, gradually decayed over cycling [19] . As a result, the comparison here unambiguously underlines the structural advantage of our exp-MoS2 with expanded interlayer distance. It is suggested that increasing the interlayer spacing of MoS2 can not only enable the better accommodation of foreign ions, but also lower the diffusion energy barrier and therefore improve diffusion kinetics of ions, in particular those with large sizes such as K + ions [21] . More excitingly, compared to other reported PIB anode materials in literature such as carbonaceous materials, alloying metals and other metal sulfides, our exp-MoS2 also clearly stands out for its outstanding capacity and rate capability ( Fig. 4(d) ) [17, 19, 20, 33, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Conclusion
In summary, we prepared hierarchical interlayer-expanded MoS2 assemblies supported on carbon nanotubes. The interlayer expansion was realized by carefully controlling the synthetic condition and kinetically trapping foreign species in the interlayer galleries of MoS2 before the nanostructure could relax thermodynamically. Thus expanded interlayer lowered the diffusion energy barrier and improved the diffusion kinetics of ions. Our exp-MoS2 exhibited an excellent electrochemical performance for the reversible electrochemical storage of K + ions with large capacity (~ 520 mAh·g −1 at 200 mA·g −1 ), good rate capability (~ 310 mAh·g −1 at 1,000 mA·g −1 ) and impressive cycling stability. Our study here shows the great potential of interlayer-expanded MoS2 for electrochemical energy storage.
